This study provides a basis and principle for developing an integrated antioxidant assay of mulberry. Five genotypes (Miaoli No. 1, 73C020, 46C019, 74H 3 023, and 68H 22 024) and three maturity stages (unripe, medium ripe and fully ripe) of mulberry (Morus sp.) fruit were analyzed for their total phenolic contents (TPC), 1,1-diphenyl-2-picrylhydrazyl-scavenging (DPPH-SC) ability, ferric reducing antioxidant power (FRAP), and oxygen radical antioxidant capacity (ORAC). Significant correlations were obtained for the four assays used (r ranging from 0.390 to 0.787, all P < 0.01) 
INTRODUCTION
Growing evidence suggests that there is a positive correlation between the consumption of diets rich in fruits and vegetables and the reduction of risks for chronic diseases, such as cardiovascular diseases, arthritis, chronic inflammation, and cancers. [1] It is generally believed that physiological function of fruits may be partly attributed to their antioxidant activity. [2] Various berry fruits have been shown to have a high antioxidant potential. [3] [4] [5] In vitro studies indicated that berries possessed a remarkably high scavenging activity toward chemically generated reactive oxygen species (ROS). [3, 6] Mulberries are widely grown in Asia and are becoming an emerging fruit crop in Taiwan. [7] In traditional Chinese medicine, many parts of the mulberry are used for medicinal purposes; for example, fruit is used to reduce inflammation and to stop bleeding, bark is used for toothache, and leaves are used for diabetic patients. [4, 8] 2 WANG AND HU Several methods are commonly used to determine "antioxidant activity," including oxygen radical absorbance capacity (ORAC), [9] [10] ferric ion reducing antioxidant parameter (FRAP), [11] [12] and 1,1-diphenyl-2-picrylhydrazyl-scavenging activity (DPPH-SC). [13] [14] Different methods for determination of antioxidant activities are based on different reaction mechanisms, so they often give inconsistent results. [15] No single method can give a comprehensive prediction of antioxidant activity, and it is not surprising that different antioxidant assay methods could produce inconsistent results. [15] For example, the FRAP assay determines the reducing capability based on ferric ion, and ORAC only determines antioxidant activity against peroxyl radicals. [16] Therefore, the use of more than one method has been recommended. [1] Mulberries have a highly complex mixture of phytochemicals, but there is no systematic method to integrate different antioxidant characteristics. Therefore, the aim of this research was to set up a reliable and simple procedure to estimate antioxidant activities by integrating multiple assays in mulberry fruits of different genotypes and maturity stages. A combination of different antioxidant assays was used, which included total phenolic contents (TPC), FRAP, DPPH-SC, and ORAC. Principal components analysis (PCA), a multivariate statistical technique, was performed in order to integrate the patterns of data, to reduce the dimension of data set, and to highlight the similarities and differences in the data. [17] 
MATERIALS AND METHODS

Chemicals
Sample Preparation
Miaoli No. 1 (Morus atropurpurea Roxb.), 46C019 (M. atropurpurea Roxb.) 73C020, 74H 3 023, and 68H 22 024 (unidentified genotype) were grown under natural photoperiod and identical condition in the orchard of Miaoli District Agricultural Research and Extension Station (MDARES), Kung-Kuan, Miaoli, Taiwan. All genotypes are deciduous, vigorous, and of abundant yield. All fruits start developing from February and can be harvested between late March and April of 2006. At least five different plants for each genotype, and samples of berries were taken from the same five plants throughout the experiment. The unripe stage referred to green fruit, which were harvested when the fresh weight reached approximately 2 g. The medium ripe stage refered to red fruits, which were harvested when the fresh weight reached approximately 3 g. The fully ripe stage referred to black-purple fruit, which were harvested when the fresh weight reached approximately 7 g. Undamaged berries were selected; 30-40 fruits were cut into small slices, mixed, and stored at −20 • C until analyzed. To prepare the fruit extracts, samples weighing at least five grams from four replicates of each mulberry fruit ripeness stage were extracted twice with 10 mL of 80% acetone containing 0.2% formic acid using a Polytron (Brinkmann Instruments, Inc., Westbury, NY) for five minutes and then centrifuged at 13000 g for 10 min at 4 • C. The supernatants were combined and transferred to vials, stored at −80 • C, and then used for analyses of FRAP, ORAC, DPPH-SC and TPC.
Folin-Ciocalteu's Assay for Total Phenolic Contents (TPC)
TPC in mulberry fruit were determined according to a modified Folin-Ciocalteu's method. [15] Gallic acid was used as the standard compound. Samples and standards were dissolved in 5 mL of 0.3% HCl in methanol/water (60:40, v/v). The solution (100 µL) was added to 2% Na 2 CO 3 (2 mL). After 2 min, 50% Folin-Ciocalteu's reagent (100 µL) was added to the mixture, and set aside for 30 minutes. Absorbance was measured at 750 nm by a microplate multimode detector (Anthos Zenyth 3100, Anthos Labtec Instruments) and results were expressed as mg of gallic acid equivalent/100 g of fresh weight (mg GAE/ 100 g FW).
DPPH-Scavenging Activity Assay
DPPH, a stable radical, has been widely used for the determination of primary antioxidant activity, that is, the free radical scavenging activities of antioxidants, which produced a decrease in absorbance. DPPH-SC in mulberry fruit was determined according to a modified DPPH-SC assay. [13] Briefly, aliquots (160 µL) of samples, controls, or the standard, BHT, were mixed with 40 µL of 10 mM DPPH in ethanol, respectively. The mixture was shaken vigorously and left to stand for 30 min at room temperature in the dark. Absorbance of the testing solution was measured at 525 nm by a microplate multimode detector and results were expressed as µM BHT equivalent/g FW.
Ferric Reducing Antioxidant Power (FRAP) Assay
The FRAP assay method was based on the reduction of Fe(III)(TPTZ) 2 Cl 3 complex (as an oxidant) by antioxidants to form colored Fe(II)(TPTZ) 2 . FRAP in mulberry fruit was determined according to a modified FRAP assay. [12] Briefly, 200 µL of the freshly prepared FRAP reagent, containing Fe(III)(TPTZ) 2 Cl 3 and acetate buffer, was mixed with 30 µL of distilled water and 10 µL of the test sample or the blank (solvent control), pH 3.6 and was prepared freshly and warmed to 37 • C. Absorbance at 595 nm was measured after incubation at 37 • C for 5 min by a microplate multimode detector. FeSO 4 was used as the standard. Results were expressed as mM ascorbic acid equivalent/g FW.
Oxygen Radical Absorbance Capacity (ORAC) Assay
All samples were measured using the ORAC assay, which uses B-phycoerythrin (B-PE) as an oxidizable protein substrate and AAPH as a peroxyl radical generator. [18] Fifty micro-liters of samples, controls, or standard (Trolox at five different concentrations for construction of a standard curve) were mixed with 50 µL of 2.5 mg/L B-PE solution and 50 µL of PBS (pH 7.4, 75 mM). They were incubated at constant temperature (37 • C, 15 min) and then 50 µL of 16 mM AAPH solution added to initiate the reaction. The fluorescence intensity [545 nm (Ex)/575 nm (Em)] was measured every five minutes for 70 minutes at 37 • C by a microplate multimode detector. The ORAC value of a sample was calculated on the basis of the Trolox standard curve, with ORAC value assigned 1 µM Trolox.
Statistical Analyses
Data (mean ± SD) were analyzed using two-way ANOVA to determine the overall effect of genotype (G), maturity stage (S), and the interaction (G × S) on each of the antioxidant measurements. We performed the least significant differences (LSD) test using SAS-EG analyses software (SAS Institute Inc., Cary, NC, USA). A P value < 0.05 is considered statistically significant. The results from the four different assays were also subjected to principal component analysis (PCA), which are presented in terms of loading and score plots. Data pretreatment was conducted using the Z score transformation (mean = 0; standard deviation = 1) in order to eliminate the bias due to different units of the results from the four different antioxidant assays.
RESULTS AND DISCUSSION
Antioxidant Activity Analyses
The antioxidant values of the five genotypes of mulberry fruit obtained by the four assays (TPC, DPPH-SC, FRAP, and ORAC) varied widely; and the ranking of antioxidant values were inconsistent even for the same genotype and maturity stage. For example, TPC ranged from 475 ± 22 mg GAE/100g FW in the genotype 73C020 (medium ripe) to 2392 ± 103 mg GAE/100g FW in the genotype 46C019 (fully ripe), which is comparable to those (181 to 2570 mg GAE/100g FW) reported by others [19] [20] [21] [22] in mulberry fruits. The variation of TPC depends on many factors, such as the degree of genotype, maturity stage, and environmental conditions during fruit development. [22] Two-way ANOVA revealed significant effects of genotype (G) (P < 0.001), maturity stage (S) (P < 0.001), and interaction of genotype and maturity stage (G × S) (P < 0.001) for TPC, FRAP, OPRAC, whereas only S and G × S were significant for DPPH-SC (Table 1 ). In general, TPC, FRAP, OPRAC and DPPH-SC values increased with increasing maturity (i.e., from unripe to fully ripe), although TPC in genotypes 73C020, 46C019 and 74H 3 023 were somewhat lower at the medium ripe stage than at the unripe stage. Interestingly, TPC in raspberry fruits has also been shown to decrease to some extent from the unripe stage to the medium ripe stage, then to increase substantially at the ripe stage. [9] For DPPH-SC, two-way ANOVA revealed significant effects of maturity stage (P < 0.001) and the interaction (G × S), but not of genotype (P = 0.81) ( Table 1) , indicating that pattern of changes in DPPH-SC value with fruit maturity were not the same for all cultivars.
It is not surprising that antioxidant activities of mulberry fruits were affected by genotypes and maturity stages, since different antioxidant activities were also reported for various species and genotypes as well as for maturity stages of blueberries [23] . Interestingly, the ORAC values of fully ripe mulberries reported here are higher than or similar to those reported for other common fruits, including tomato, raspberry, and strawberry. [9, 13] 
Correlations of Antioxidant Assays
Significant correlations existed for the results from the four different antioxidant assays used in this study (r ranging from 0.390 to 0.787, all P < 0.01). The highest correlation coefficient was found between ORAC and FRAP (r = 0.787, P < 0.001, N = 60) and the lowest one was between DPPH-SC and TPC (r = 0.390, P < 0.01, N = 60). In addition, TPC gave significantly positive correlations with FRAP and ORAC (r = 0.636 and 0.545, both P < 0.001, N = 60), suggesting that phenolic compounds were the major contributor to of FRAP and ORAC in mulberry. Significant correlations were also found between TPC and FRAP in other genotypes of mulberry (M. nigra and M. rubra) [24] as well as between FRAP and ORAC in blackberry and strawberry. [25] [26] The relatively low correlation between TPC and DPPH-SC may be due to the fact that the Folin-Ciocalteu's reagent can only roughly estimate the amount of phenolic compounds. [27] A possible explanation for the observation that high TPC did not correspond to a high DPPH-SC could be due to the antagonistic and synergistic reactions between phenolics and other phytochemicals in mulberry fruit. These results suggested that the antioxidant activity of mulberry determined by one method may only partially reflect its overall antioxidant potential.
Principle Component Analysis (PCA)
PCA was used in the classification of antioxidant activities of pomegranate juices [17] and selected plant extracts. [27] In the present study, PCA was performed to group and separate four antioxidant assays of the five mulberry genotypes and three maturity stages. The loadings plot (Fig. 1A) was used to gain an overview of the importance among the four antioxidant assays. The loadings of first and second principal components (PC1 and PC2) accounted for 63 and 18% of the variance, respectively. In PC1, all four assays had positive loadings, whereas in PC2 only DPPH-SC showed a positive loading. The results suggest that DPPH-SC may be more useful for assaying the antioxidant activity in mulberry fruits than FRAP, ORAC and TPC, because DPPH-SC only require the transfer of a hydrogen atom (i.e., an electron transfer).
The scores plot (Fig. 1B ) was used to gain an overview of the similarities or differences among the mulberry genotypes. The analysis demonstrated that among the five mulberry genotypes, Miaoli No. 1 and 74H 3 023 were located at quadrant I, which represents the highest antioxidant activity. The genotype 68H 22 024 was located at quadrant II, and this genotype had the lowest antioxidant activity among the five genotypes used here. The distance between the locations of any two samples on the scores plot increased as the degree of difference increased between them. For instance, the two genotypes, Miaoli No. 1 and 68H 22 024, were located on the opposite side of PC1, and a possible explanation for the difference is that the results of FRAP and ORAC are widely different among different genotypes. Thus, PCA could be used to discriminate the genotypes of mulberry on the basis of their antioxidant activity.
CONCLUSIONS
It is important to provide an optimum method to assess mulberry antioxidant activity so that more reliable and useful information can be used by other researchers as well as the mulberry food industry. In this study, we demonstrate significant correlations among the four antioxidant assays used. Two-way ANOVA revealed that there were significant effects of genotype, maturity stage, and the interaction of genotypes and maturity stages for TPC, FRAP, and ORAC, whereas only maturity stage and the interaction were significant for DPPH-SC activity. In addition, PCA showed that Miaoli No. 1 and 74H 3 023 possess the highest antioxidant capacity, while genotype 68H 22 024 possessed the lowest. Thus, the present results provided the basic data for choosing mulberry fruit with higher antioxidant activity for direct consumption or for production of fruit juice.
